Borna disease virus (BDV), which seems to be distinct from all other known viruses, exhibits a unique mechanism of pathogenesis. This review highlights several aspects of the biology of infection with this virus and summarizes the preliminary characterization of the agent. Studies on BDV may help to illuminate several important areas of neurobiology, including the mechanisms regulating the replication of a new type of RNA virus in the nuclei of neural cells, the neuroinvasiveness and neurotropism of such viruses, their T cell-mediated immunopathology, tolerance in newborn animals to persistent viral infection of the central nervous system, and behavioral diseases and eating disorders induced by such agents.
mainly in the gray matter of the brain, and pathognomonic intranuclear Joest-Degen inclusion bodies in neurons and astrocytes of the frontal cortex [8, 9] .
Mechanisms of transmission of the virus in horses and sheep are not well understood, but experimental data suggest that intranasal infection is the common route [10] . Recent seroepidemiological and virological surveys of Borna disease in horses have shown that BDV-specific antibodies are present in many horses without clinical signs of the disease. Since most of these animals remain clinically healthy for at least 1 year, a long incubation period may be characteristic of the pathogenesis of Borna disease [11] . These data suggest further that BDV is more widely disseminated than was previously thought. In fact, BDV-specific antibodies have been found in clinically healthy horses in the United States (authors' unpublished results).
The Agent
BDV has been only partially characterized. Although the agent is known to have physical and replicative properties typical of conventional viruses [1, 12, 13] , its nucleic acid has only recently been identified as RNA [14] [15] [16] [17] .
Infection in Tissue Culture
BDV is highly neurovirulent in most laboratory animals and in cell cultures. It has a tropism for cells derived from the neural crest: neurons, astrocytes, and Schwann cells. Tissue culture cells of nonneuronal origin exhibit only low-level susceptibility to infection, but this resistance can be overcome by cocultivation with BDV-infected primary brain cultures [18] . The virus replicates noncytopathically in infected cells and is tightly cell associated. Infection with BDV is persistent; cultures produce approximately one infectious unit per cell [13] . Treatment of infected cells with interferon a/,3 does not influence the establishment or maintenance of persistent infection [19] . Persistently infected MDCK (Madin-Darby canine kidney) cells are widely used in indirect immunofluorescence assays for the detection of BDV-specific antibodies in serum and CSF of affected animals and humans [18, 20] . The viral antigens in persistently infected cells accumulate in the nuclei (sparing the nucleoli) and in the perinuclear area of the cytoplasm and appear as punctate grains in immunofluorescence reactions.
Proteins of BDV
BDV particles have never been visualized in infectious material, but replication of BDV is associated with synthesis of at least three novel polypeptides with respective molecular masses of 14, 24, and 38-39 kD [21] [22] [23] [24] . Antibodies to these virus-associated antigens are produced in infected animals and can be recognized readily by radioimmunoprecipitation and western blot analysis [21] [22] [23] [24] . Sera from animals previously infected with BDV or immunized with BDV-specific proteins do not neutralize the infectivity of the virus [25] [26] [27] .
Polyclonal antibodies to all three BDV proteins are found in the serum of infected animals. Monoclonal antibodies (mAbs) to the 38/39-kD and 24-kD antigens have been obtained after immunization of mice with BDV-specific antigens [22, 24] or after infection of rats [22] . Most of these antibodies react in western blot analyses exclusively with the protein used for immunization in lysates of infected cell cultures and infected rat brain. Evidence for an antigenic relation between these two proteins has been found by protease digestion and tryptic fingerprint analysis [24] . Several identical peptides were revealed after digestion of the 38/39-kD and 24-kD proteins. Furthermore, the cross-reactivity of mAbs to the purified 38/39-kD and 24-kD proteins indicates that these proteins share antigenic determinants [16, 24] . Neither protein is glycosylated, but the 24-kD antigen was found to be phosphorylated at serine residues [24] .
Nucleic Acid of BDV
BDV has not yet been classified taxonomically because infectious particles have never been visualized, and only recently has this agent been identified as an RNA virus [14] [15] [16] [17] 28] . Since novel proteins were identified in BDV-infected cells and tissues, it was assumed that BDV-specific mRNAs must also be present in infected material. Thus the strategy used to isolate BDV-specific molecular clones was to construct subtractive cDNA libraries from mRNAs isolated from uninfected and BDV-infected cell cultures and brain [15, 16] . No specific nucleic acid probe for BDV was available; the cDNA cloning was therefore done in an expression vector, and clones were screened with mAbs [16] specific for the BDV-specific 38/39-kD protein [22] or with a radiolabeled subtraction probe enriched for BDV-specific sequences [15] . The BDV-specific clones isolated in our laboratory [16, 17, 28] and in that of another group [14, 15] recognized four BDV-specific RNAs of 10.5, 3.6, 2.1, and 0.85 kilobases (kb), respectively, in BDV-infected rat brain; all of these RNAs were enriched by polyadenylate selection [16] . Lipkin et al. [15] reported that the largest RNA species is 8.5 kb in size and is not polyadenylated.
In vitro transcription and translation of the BDV-specific cDNA clone isolated in our laboratory (clone B8) produced proteins of 24 and 14 kD that were recognized by both polyclonal and monoclonal antibodies to BDV [16, 17, 28] (figure 1). No significant similarities to any known viral or cellular sequences were detected with both the nucleotide and the amino acid sequences of clone B8 [16, 17] . In addition, Southern blot hybridization with BDV-specific cDNA clones isolated by both laboratories [15, 16] showed that these clones were not of cellular origin and did not hybridize to any DNA species in infected material.
These data and the identification of four species of RNA in infected material clearly demonstrate that BDV is an RNA virus [14] [15] [16] [17] 28] . Furthermore, since the BDV-specific RNAs in infected material are sensitive to digestion with pancreatic RNase, BDV seems to be a single-stranded RNA virus [14] .
Oligonucleotides with negative polarity from different regions of the B8 clone all hybridized to the same four positivestrand RNAs identified for the entire B8 clone [16, 17, 28] (figure 2, lane b). This result indicates that all of the nucleotide sequences in the B8 clone are present in all of the larger RNAs and thus suggests that the organization of the RNAs is a nested set of overlapping RNAs, as in coronaviruses [29] [30] [31] . In addition, positive-polarity oligonucleotides from different regions of clone B8 hybridized to three BDV-specific RNAs of 10.0, 3.5, and 1.7 kb [17, 28] (figure 2, lane d). These RNAs probably represent negative-strand complements of the positive RNA species. Recently, negativestrand RNAs have been identified in coronavirus-infected cells; these RNAs are thought to be important in replication of the subgenomic RNAs [30, 31] . Thus, both the organization of the RNAs and the presence of positive-and negativestrand RNAs indicate a striking similarity of BDV to the coronavirus family, although it has not yet been resolved whether BDV is a negative-or a positive-strand RNA virus. The resolution of this issue will require the isolation of BDV and the identification of the polarity of its genomic RNA.
Experimental Infection in Animals
BDV is infectious for a wide range of animal species, from chickens to nonhuman primates and possibly humans [1, 3, 20, 32] . The clinical manifestations and outcome of experimental infection vary among animals. Rabbits develop an Reproduced with permission from [28] . acute, fatal paralytic disease similar to that seen in horses within 4-6 weeks [4, 5] ; tree shrews (Tupaia glis) develop an unusual, nonfatal behavioral disease characterized by aberrant social interactions [33] . Several strains of rat can be infected with BDV [25] [26] [27] 34] , but only some of these strains develop disease [35] . With the exact manifestation depending on the viral variant, Lewis rats can develop a biphasic neurological illness characterized by an initial hyperacute aggressive phase that is followed by a passive somnolent stage, an obesity syndrome with fertility disturbances, or paralysis followed by death [5, 25, 26, 36] . Rhesus monkeys develop severe paralytic disease with retinopathy [5, 37, 38] , whereas mice and hamsters show no clinical signs despite replication of BDV in the CNS [39, 40] . Histologic studies of brains from animals with Borna disease show typical meningoencephalomyelitis, with the most severe lesions in the frontal region of the cerebral cortex. No pathological abnormalities have been observed in infected mice and hamsters.
Tupaias
Tree shrews have been used extensively in studies of social interactions because of their well-defined behavioral pat-terns. Sprankel et al. found that these animals, classified at the phylogenetic root of the primates, developed a long-lasting, persistent, productive infection in the CNS and unique behavioral abnormalities after is inoculation with BDV [33] . Characteristic perivascular infiltration of mononuclear cells and intranuclear Joest-Degen inclusion bodies in the CNS were observed.
Housing conditions influenced the reaction of these animals to infection. The behavior of all paired animals changed dramatically. These animals showed a need for increased body contact with their partners during the first few weeks after infection. Further, infected animals tended to accept their partners much more quickly in grooming social interactions than did uninfected shrews. Normally passive females became as aggressive as their male partners and took poor care of their offspring. In contrast, only 25% of the infected animals maintained in solitary cages showed clinical and behavioral changes. These animals exhibited hyperactivity, with drastic shortening of resting time, and developed eating disorders (bulimia) about 4 weeks after infection. The hyperactive phase was followed by a hypoactive phase characterized by retirement into sleeping boxes and decreased interest in self-grooming. Only some of these animals devel-retinopathy in humans. Thus, in studies of these changes, rhesus monkeys were infected ic with BDV [5, 37, 38] . The animals developed a persistent infection in the CNS and produced antibodies to BDV-specific antigens in serum, CSF, and aqueous humor. Pathological alterations in the CNS and retina consisted of infiltrations of mononuclear cells similar to those in naturally infected animals; however, no destruction of the neuronal layers of the retina was observed [37, 38] . Clinical signs started with apathy and anorexia 4-8 weeks after infection and progressed to severe neurological manifestations dominated by paralysis of the hind limbs. One animal splenectomized 11 months before infection showed signs of apathy but developed no paralysis and had fewer cellular infiltrates in the CNS and the retina than did other animals [37] . These findings suggested that the pathogenesis of Borna disease in primates is based on an immunopathological mechanism-an idea confirmed in studies with Lewis rats and rabbits.
Pathogenesis of BDV in Rats
Neurotropism of BDV Figure 2 . Northern blot analysis of RNA from rat brain. Lanes a and c contain 10µg of total RNA from uninfected rat brain. Lanes b and d contain 10 tig of total RNA from BDV-infected rat brain. Lanes a and b were hybridized with a negative-sense 32P-labeled oligonucleotide (247), lanes c and d with a positive-sense 32P-labeled oligonucleotide (305). The blot was stripped and rehybridized with a chicken Li-actin probe to ensure that equal amounts of RNA were loaded in each lane. Reproduced with permission from [28] .
oped more severe neurological signs, such as ataxia and partial paralysis of the limbs [33] .
Rhesus Monkeys
The pathological changes in the brain and retina of BDVinfected animals resemble certain types of encephalitis and Most studies on the pathogenesis of BDV infection have involved experimentally inoculated Lewis rats. As has already been mentioned, the clinical manifestations of the infection in these animals depend on the passage history of the virus used for inoculation. Thus a variety of BDV variants have been used, including strains that cause paralysis and death (similar to the disease in horses and sheep), obesity with fertility disturbances, behavioral changes, or inapparent infections. In all cases, ic inoculation of BDV into adult rats resulted in productive viral replication in the nervous system, where viral antigen was confined to astrocytes, Schwann cells, and central and ganglionic neurons and their axonal-dendritic processes [10, 41, 42] . Infectivity was first detected in brain homogenates 7 days after inoculation with 105-106 ID50/mL by day 15 [26] . This infectivity titer in the brain was maintained throughout an observation period of 7 months (figure 3, top). Similar data were obtained for Black Hooded rats, which were found to be resistant to the disease [35] . Lower levels of infectivity (10 2-104 ID50/mL) were usually found in spinal cord, adrenal glands, and ganglia of the autonomic nervous system. Infectivity in the eyes was transient, lasting -4 weeks after virus appeared in the brain. Loss of infectivity coincided later with degeneration and loss of retinal neurons. In immunocompetent adult rats no infectivity was found in extraneural tissue at any stage [26, 43] . Neither infectious virus nor viral antigens were detectable in lung, spleen, kidney, muscle, peritoneal macrophages, or blood. The same pattern of tropism was seen in cyclophosphamide-treated rats [26, 43] (figure 3, bottom) and in athymic adult rats after ic inoculation of BDV [44] . The lack of susceptibility of cultured macrophages and spleen fibroblasts week-old rats infected with BDV and treated with cyclophosphamide (150 mg/kg) 1 day later. The persistently high levels of infectivity in the brain and eyes and the lack of infectivity in nonneural tissues are shown. Rats did not respond immunologically to the virus and did not become ill. Reproduced with permission from [26] .
to infection with BDV demonstrated the strong tropism of the virus for cells of neural origin [26, 27] . In rats inoculated ic or intranasally at birth, BDV replicated preferentially in the CNS and the peripheral nervous system but also spread to nonneural tissues. Whereas infectivity in nervous tissue was maintained at a level of 10 5 -106 ID50/mL, titers in the nonneural tissues such as heart, lung, liver, spleen, kidney, pancreas, and bladder were approximately two orders of magnitude lower [43] . Infectious virus was shed in saliva, lacrimal fluid, and urine [10] . Infectivity assays and immunocytochemical assays on sequential tissue samples obtained after inoculation from infected newborn rats showed that the agent first began to replicate in the CNS and then disseminated along nerve pathways to nonneural tissues. Presumably, infection in the latter tissues was initiated at the point of innervation, with subsequent spread from cell to cell. No viremia was detected in these animals. The similar pattern of dissemination noted in infected adult rats treated for prolonged periods with cyclosporin A [23, 45] may suggest that nonneural cells are innately susceptible to infection but that yet-unknown factors in the host prevent access of the virus to those cells.
Neuroinvasiveness of BDV
Delineation of the scheme for the dissemination of BDV via neural pathways from and to the CNS was based on the initial observation by Krey et al. [46] that in rabbits spread of the virus from the brain to the retina could be prevented by ablation of the optic disk. The incubation period of the disease in rats (the period between inoculation of virus at a peripheral site and onset of illness) varied significantly with the route of inoculation [10, 27] . The onset of Boma disease could be recognized only after the virus invaded the brain. Disease appeared 17 days after ic inoculation, 20-24 days after intranasal inoculation, and 47 days after footpad inoculation [27] .
After intranasal infection (probably the natural route), BDV entered the neural receptors in the olfactory epithelium and migrated into the brain (figure 4) [10] . Similar results were obtained with inoculation into the hind footpad of adult rats ( figure 5 ). Infection and disease were prevented by sectioning of the sciatic nerve before or within 1 day after inoculation of BDV [27] . In contrast, neither iv inoculation of BDV weekly for 3 weeks nor oral inoculation of the virus resulted in infection [27] . Thus BDV infection in the host resulted only after obligatory replication in nervous tissues, with subsequent dissemination to nonneural tissues via neural pathways in immunologically impaired animals.
Persistent Infection
Once introduced into the CNS of the rat, BDV usually caused a persistent infection with continuous productive replication in the brain and spinal cord. All immunocompetent infected animals developed antibodies to BDV-specific antigens, and these antibodies coexisted with infectious virus in the CNS. Hyperimmune sera or CSF from BDV-infected animals did not protect against infection in neutralization experiments in vivo or in vitro [26, 27] .
Infection of newborn rats. Although infection of newborn rats resulted in persistent viral replication in the CNS as well as in visceral organs, these animals developed no inflammatory response or signs of Borna disease. However, "luxury" functions of the CNS seem to be affected, possibly as a result of morphological changes confined to the loss of neurons from the dentate gyms of the hippocampus and of some neurons from the nuclear and photoreceptive layers of the retina [25, 26, 43] . The animals produced normal litters, and no virus was found in brain homogenates of their progeny [26] . (However, when housed in the same cage as their infected newborns, mothers can become infected [10] .) Infected newborn animals developed BDV-specific antibodies late after infection [26, 43] . Infection of immunocompetent rats. Infected immunocompetent rats developed severe disseminated meningoencephalitis in which the most intense inflammatory reaction was centered in the gray matter of the cerebral cortex. The onset of clinical disease coincided with the appearance of meningoencephalomyelitis rather than being a direct effect of viral replication in the brain [26, 27] . The most prominent changes were dense accumulations of mononuclear cells in the perivascular spaces and throughout the neuropilcorresponding to the areas with greatest viral replication [25] [26] [27] 42] .
Immunocytochemical investigation of the composition of the inflammatory cell population during the course of infection revealed that macrophages and lymphocytes of the CD4+ phenotype were dominant at all stages [42, 47] . CD8 + T cells were less frequent. B lymphocytes and plasma cells became prominent during later stages of the disease, when marked parenchymal deposition of immunoglobulin developed [42] .
The severity of the inflammatory reaction reached its max-imum between day 30 and day 40, during the hyperacute phase of the disease. Edema and necrosis of cellular elements in the neuropil accompanied the inflammatory changes. This phase was characterized by alertness, loss of fear, and frenzied hyperactivity. Infection with an "aggressive" variant led to paralysis and death during this phase. The cell loss was most extensive in the cerebrum between the frontal and temporal cortices, and this effect finally led to hydrocephalus ex vacuo in surviving animals [25, 26] . Hydrocephalus progressed slowly, and, despite continuous productive replication of BDV in the brain, the inflammatory response began to decline after day 50, with only minimal inflammatory lesions detectable in the brain by day 200. There was no further loss of brain substance and no further extension of hydrocephalus after the inflammatory cells disappeared. Beyond day 75, by which the inflammatory response had become mild, the animals became much calmer, spending most of the time in an inactive state and asleep.
No pathological changes were found in the ependymal lin- ing of the ventricles or the choroid plexus throughout the study [25, 26] . Despite the dynamic changes in the intensity of inflammation, high levels of viral replication in the CNS persisted in these animals ( figure 3, top) . Pathological changes in the eyes were similar to those in the brain and developed subsequent to encephalitis. There was a degeneration of rods and cones and a gradual focal disappearance of neurons from the inner and outer nuclear layers [25, 26] . By day 100 most of the animals had become blind since the infection resulted in the complete destruction of the inner and outer nuclear layers of the retina. No inflammatory cells were found in the organs at late stages.
Viral variants differed in their ability to cause various clinical manifestations in the rat. This observation raises the intriguing possibility that BDV exhibits marked genetic variability and that different strains may cause different pathological manifestations of neurological disease.
The obesity syndrome developed gradually in immunocompetent infected rats, starting -5 months after infection ( [48] and S. Herzog and R. Rott, unpublished results). The obese rats exhibited characteristic behavioral and metabolic alterations, with significant increases in the intake of food and water and the development of high levels of triglycerides, insulin, and glucose in the blood [48] . Histologic examination revealed prominent hydrocephalus and meningoencephalitis. In long-term survivors, titers of infectious virus in the CNS declined drastically and antibody levels decreased ( [48] and S. Herzog and R. Rott, unpublished results).
Immunopathology
Prevention of disease in rats. In 1981 Gierend and Ludwig [49] reported that treatment of BDV-infected rabbits with glucocorticoids and/or cyclophosphamide resulted in a reduction in antibody production, the development of only low-intensity encephalitis, and a delayed onset of clinical disease. Similar studies showed that a single ip injection of cyclophosphamide (150 mg/kg), given I day before or after ic inoculation of BDV into 4-week-old rats, prevented the onset of Borna disease. These rats did not develop antibodies to BDV, encephalitis, or clinical disease [25, 26] . The level of production of virus in the CNS and the neurotropism of the agent were similar in treated and untreated infected animals ( figure 3) . Thus a persistent, productive type of viral replication developed in the brain and eyes of cyclophosphamide-treated rats (figure 3, bottom) without the complications of pathological effects or clinical disease. As in infected newborn rats, neurons in the dentate gyms of the hippocampus degenerated and were replaced by glial cells. Since other infected neuronal groups did not degenerate, loss of these cells may have been due to down-regulation of trophic factors. In contrast, no necrosis among other cell types in the brain occurred in these animals. Similarly, infected newborn, athymic, and cyclosporin A-treated adult rats failed to develop encephalitis or disease [23, 26, 36, [43] [44] [45] . These data suggested strongly that Borna disease was caused by the cellular immune response to BDV in immunocompetent animals.
Reconstitution of BDV-specific inflammation: immunosuppressed animals. The immune basis of Borna disease was confirmed in adoptive transfer experiments in which spleen or cervical lymph node cells from infected rats were transferred to infected, 4-week-old, cyclophosphamide-immunosuppressed virus carriers. After adoptive transfer these tolerant virus carriers developed BDV-specific antibodies, encephalitis, and behavioral disease (table 1). The donor NOTE. Four-week-old Lewis rats were inoculated ic with BDV; some rats were treated with cyclophosphamide (150 mg/kg) 24 hours later. Animals rendered tolerant by this treatment were injected iv with various cell suspensions, as indicated, and were maintained for clinical and pathological examination. NMI T cells are described in the text; PPD T cells = purified protein derivative-specific T cells. Figure 6 . Acetone-fixed astrocytes persistently infected with BDV were stained with tetrarhodamine isothiocyanate-labeled rat antibodies to BDV and fluorescein isothiocyanate-labeled rabbit antibodies to glial fibrillary acidic protein (GFAP). Arrows point to punctate accumulation of BDV antigens in the nuclei, and arrowheads show diffuse staining pattern of GFAP in the cytoplasm. cells had no effect when injected into immunocompetent animals [25] . Further, transfer of hyperimmune BDV-specific sera into virus carriers did not cause clinical disease [25] .
With the goal of identifying the cell type responsible for inducing disease in virus carriers, a permanent T cell line, NM 1, was developed from the popliteal lymph node cells of Lewis rats immunized in their hind feet with affinity-purified, BDV-specific 38/39-kD protein [47, 50] . The NM 1 cells responded specifically to the 38/39-kD BDV antigen in lymphocyte proliferation assays and did not recognize unrelated antigens. Cytofluorographic studies with mAbs to leukocyte differentiation antigens showed a staining pattern characteristic for CD4 + T cells. Inhibition studies with mAbs against selective restriction elements of the major histocompatibility complex (MHC) revealed that these CD4 + effector T cells were MHC class II restricted [47, 50] .
The latter cells were functionally characterized in studies with astrocytic cultures used as antigen-presenting cells or targets and pulsed with BDV-specific 38/39-kD protein or infected with BDV. Astrocytes are known to become infected during BDV-induced encephalopathy [41, 42] , and primary astrocyte cultures are susceptible to BDV infection when inoculated with infectious rat brain homogenate (figure 6 ). The persistent noncytopathic infection of astrocytes with BDV did not result in significant spontaneous expression of MHC class II antigens, although such expression has been reported for other neurotropic viruses [51, 52] ; however, the expression of this antigen was easily induced by incubation with recombinant interferon-7 (IFN-y). In lymphocyte proliferation experiments, uninfected, IFN-7treated astrocytes were able to induce specific proliferation of NM 1 cells when inoculated exogenously with the 38/39-kD protein [50] . When persistently BDV-infected astrocytes were used as antigen-presenting cells after induction with IFN-y, only slight specific proliferation of the NM 1 cells was found. However, exogenous addition of the BDV-specific 38/39-kD protein to these cultures resulted in antigen-specific proliferation [50] . Furthermore, when analyzed in a conventional cytotoxicity assay, BDV-infected astrocytes were found to be susceptible to lysis by NM 1 T cells (J. A. Richt and L. Stitz, unpublished results).
The BDV-specific NM I cells induced acute meningoencephalitis mainly in the gray matter of the brain and produced hyperacute paralytic disease when injected iv into immunosuppressed syngeneic virus carriers [47, 50] (table I ) . The clinical signs became manifest as early as 5 days after transfer, with development of severe apathy and somnolence; most of these animals had to be killed within 24 hours after the onset of disease. Inflammatory exudates contained a large number of CD4 + T cells, fewer CD8 + lymphocytes and B cells, and some neutrophils [42, 47, 50] . The animals did not go through the hyperactive phase that typically occurs during regular infection or reconstitution with spleen cells. Their disease was hyperacute and rapidly fatal.
The fact that disease could be induced after transfer of MHC class II-restricted, BDV-specific, cytolytic CD4 + T lymphocytes suggested that the lesions in Borna disease may be a delayed-type hypersensitivity reaction. The mechanism for the different clinical disease that resulted from reconstitution with NM 1 cells-as opposed to spleen and lymph node cells-is not understood. The NM 1 cells probably caused elaboration of unusually large amounts of acute-phase proteins and cytokines, which in turn could have caused an imbalance in neurotransmitter functions in the brain [53] . The difference in clinical disease caused by the spleen and lymph node cell suspensions may also have been due to the combination of nonselected immune cells used for transfer.
Reconstitution of BDV-specific inflammation: newborn virus
carriers. The pathogenesis of Borna disease has several features in common with lymphochoriomeningitis (LCM) virus infection in mice. In both cases the virus causes acute CNS disease that can be prevented by immunosuppression, and this tolerance can be overcome by reconstitution with specifically sensitized cells. The similarity in the pathogenesis of the two infections applies in newborn animals. Newborn mice inoculated with LCM virus become persistently infected, but their growth is severely retarded and they later die from immune complex disease [54] . Newborn rats inoculated with BDV also become persistently infected, as has already been described. However, unlike their murine LCM-infected counterparts, persistent BDV-infected rats do not become ill [43] .
In contrast to adoptive transfer into cyclophosphamidetreated virus carriers [25] , injection of spleen cell suspensions from diseased syngeneic rats into newborn BDV carriers did not result in inflammation or in clinical Boma disease [55] . For evaluation of the role of immunologic tolerance in neonatal virus carriers, these animals were surgically joined to syngeneic normal rats via the peritoneal cavity in a manner that allowed the free flow of humoral and cellular immune elements [55] ; this scheme followed the classical experiment of Billingham et al. [56] . The normal-counterpart rats were then inoculated with BDV and developed typical Borna disease. Examination of the tissues from the persistently infected chimera showed that these animals developed mild lesions in the central and peripheral nervous systems. Adoptive transfer of the CD4+ virus-specific T cell line NM 1 into neonatal (6-week-old) infected rats also resulted in mild transient encephalitis [55] ; this development suggested that tolerance to the virus in newborn infected animals can be overcome by transfer of BDV-specific immune cells, although reconstitution was not as efficient as in cyclophosphamide-treated virus carriers. Regulatory immune mechanisms present in neonatal infected animals, but not in adult rats rendered tolerant by cyclophosphamide, may be responsible for this unique mechanism of tolerance and resistance to the induction of disease.
Does a BDV Strain Infecting Humans Exist?
The behavioral changes in animals infected with BDV are somewhat reminiscent of some types of affective disorders in human beings. Indeed, the serum and CSF of some patients with psychiatric illnesses (including recurrent unipolar depression, bipolar affective disorders, and residual-type schizophrenia or personality disorders) contain BDV-specific antibodies [32, 57] . Antibodies were present in 4%-7% of sera obtained from -5,000 psychiatric patients from Germany, the United States, and Japan. The percentage of patients seropositive was highest in a region of southern Germany where Borna disease has been known to be endemic among horses and sheep. Approximately 1% of 1,000 randomly collected sera from otherwise hospitalized patients from this area in which Borna disease is endemic contained antibodies to BDV [20] . Examination of 56 acutely seropositive patients by magnetic resonance imaging revealed that 46% had cerebral lesions in one or both hemispheres, whereas no one in a seronegative control group had such lesions [58] . Serological examination by Bode et al. of patients infected with human immunodeficiency virus has shown an incidence of BDV antibodies of -8% [59] . The same investigators have reported a high incidence of BDV-specific antibodies among patients with chronic inflammatory neurological disorders such as multiple sclerosis [60] . The BDV specificity of the human antibodies was recently reinforced by the finding that antibodies from three of seven seropositive patients recognized the 24-kD protein expressed by a BDV-specific cDNA clone [16, 28] (figure 1). These data suggest either that a BDV-like infection is prevalent in the human population or that some patients with inflammatory neurological diseases have cross-reacting antibodies that recognize antigens expressing epitopes homologous with those of BDV proteins.
These observations were substantiated further by attempts to isolate BDV from the CSF of three seropositive patients [20] . CSF from these patients was either applied to fetal rabbit brain cells or inoculated is into rabbits, which are highly susceptible to Borna disease. In cell cultures a small number of immunoreactive cell foci were found with BDV-specific antibodies 10-12 days after inoculation. However, the cells lost their antigen during subcultivation. The inoculated rabbits developed no signs of Borna disease; neither lesions in the CNS nor BDV-specific antigens were demonstrable in brain sections by immunohistologic techniques. Nevertheless, these animals developed BDV-specific antibodies in their sera. That the brain homogenate from one rabbit was infectious for fetal rabbit brain cells was demonstrated by positive cell foci in immunofluorescence assays [20] . However, again, the antigen disappeared during attempts to propagate the agent by subcultivation of the cells. These findings can be interpreted as typical of abortive infection.
Although these data strongly support the hypothesis that a BDV-like agent causes infection in humans, a defined mental disorder has not been correlated with the presence of BDV-specific antibodies. The development of such a disorder may be related to various factors, such as the genetic properties of the virus; the route of infection; and the age, immune status, and genetic makeup of the infected individual. Evidence that these factors play a role in the outcome of Borna disease has been found in naturally infected horses and sheep as well as in experimentally infected animals.
